ABSTRACT Sexual isolating mechanisms that act before fertilization are often considered the most important genetic barriers leading to speciation in animals. While recent progress has been made toward understanding the genetic basis of the postzygotic isolating mechanisms of hybrid sterility and inviability, little is known about the genetic basis of prezygotic sexual isolation. Here, we map quantitative trait loci (QTL) contributing to prezygotic reproductive isolation between the sibling species Drosophila simulans and D. mauritiana. We mapped at least seven QTL affecting discrimination of D. mauritiana females against D. simulans males, three QTL affecting D. simulans male traits against which D. mauritiana females discriminate, and six QTL affecting D. mauritiana male traits against which D. simulans females discriminate. QTL affecting sexual isolation act additively, are largely different in males and females, and are not disproportionately concentrated on the X chromosome: The QTL of greatest effect are located on chromosome 3. Unlike the genetic components of postzygotic isolation, the loci for prezygotic isolation do not interact epistatically. The observation of a few QTL with moderate to large effects will facilitate positional cloning of genes underlying sexual isolation.
T HE early stage of speciation in animals is often cosmopolitan species largely commensal with humans, while D. mauritiana is restricted to the island of Mauricharacterized by the appearance of prezygotic isolation (ethological barriers to interspecific mating) and tius. D. mauritiana probably arose after colonization of the island by a D. simulans-like ancestor ‫000,052ف‬ years postzygotic isolation (reduced viability and fertility of ago (Kliman et al. 2000) . This species pair has several interspecific hybrids). Although recent progress has been reproductive barriers, including gametic isolation, conmade toward understanding the genetic basis of postspecific sperm precedence (Price 1997; Price et al. zygotic isolation (Wittbrodt et al. 1989; Ting et al. 2000 Ting et al. , 2001 , male-limited hybrid sterility, and behav-1998; Barbash et al. 2003; Presgraves et al. 2003) , ioral (sexual) isolation. The sexual isolation is asymmetrelatively little is known of the genetic architecture of rical-in the laboratory, D. mauritiana females rarely sexual isolation-arguably the most important form of mate with courting D. simulans males, but the reciprocal reproductive isolation in animals (Mayr 1963 ; Coyne cross occurs readily. The sexual isolation is thus based and Orr 1997 and Orr , 1998 . In Drosophila, for instance, sister on a species difference in female mating preference species that occur in the same location show much (D. mauritiana females discriminate against D. simulans higher levels of sexual isolation than of postzygotic isomales, but D. simulans females do not discriminate lation (Coyne and Orr 1997) . Previous studies of preagainst D. mauritiana males) as well as a difference in zygotic isolation in Drosophila have localized genes an unknown male trait (or traits) against which the affecting sexual isolation to whole chromosomes or females discriminate (Coyne 1989) . Moreover, alchromosome arms (Zouros 1981; Coyne 1989 Coyne , 1993 though D. simulans females readily copulate with a court1996a,b; Wu et al. 1995; Noor 1997; Ting et al. 2001) , ing D. mauritiana male, the copulations are often abnorbut so far there has been no refined mapping to chromomally short, with many terminating prior to the time some regions small enough to facilitate positional clonneeded for adequate sperm transfer (Coyne 1993) . The ing of candidate loci.
shortened copulations are thus a form of postmating, Drosophila simulans and D. mauritiana are sibling speprezygotic isolation. Thus, at least three traits are incies in the D. melanogaster subgroup. D. simulans is a volved in prezygotic isolation, and there may be others, such as ecological differences, that have not been studied. (B) thresholds that take into account the multiple tests performed and correlations among markers. We permuted trait and 1002 BC males, and (C) 1002 BC males.
Courtship behavior: Three sets of "no-choice" mating assays marker data 1000 times and recorded the maximum LR statistic across all intervals for each permutation. LR statistics calcuwere conducted, in which single BC individuals were paired with single pure-species individuals: (A) BC females and D.
lated from the original data that exceed the fiftieth greatest LR statistic from the permuted data are significant at the simulans males, (B) D. mauritiana females and BC males, and (C) D. simulans females and BC males. Experiment A reveals experimentwise 5% level under the null hypothesis (Churchill and Doerge 1994; Doerge and Churchill the quantitative trait loci (QTL) in BC females that lead to lack of mating with D. simulans males, experiment B the QTL 1996). The approximate boundaries of regions containing QTL were determined by taking 2-LOD intervals (9.22 LR) in BC males that lead to lack of mating with D. mauritiana females (most probably through rejection by those females, surrounding the point of greatest significance and interpolating the cytological location of the interval on the basis of the since all males court D. mauritiana females persistently), and experiment C reveals the QTL in BC males that lead to shortobserved amount of recombination between flanking markers. Two methods were used to map QTL for copulation occurened copulation and reduced sperm transfer after mating with D. simulans females.
rence in experiments A and B. First, CIM as described above was used for the binary data, where individuals that mated In all three crosses, BC flies were collected as virgins and sorted by sex using brief exposure to CO 2 and kept in unwere assigned a value of 1 and those that did not mate were assigned a value of 0. Second, we used an extension of CIM crowded vials for 4 days prior to use in experiments. Fourday-old virgin BC and pure-species flies were transferred by based on logistic regression (Xu and Atchley 1996), which assumes that the binary trait is connected to its continuous aspiration to vials containing standard cornmeal-agar-Karo media within 1.5 hr of "lights on." Experiments were conunderlying liability by a threshold model (Falconer and Mackay 1996) . The same window size (10 cM) and marker ducted at room temperature, which varied from 21Њ to 23Њ. For experiments A and B we recorded whether or not copulation cofactors used for CIM were also used in the logistic model. We estimated the effects of each QTL as the difference occurred within 45 min and, for those flies that did copulate, copulation latency (time to copulation) and copulation durabetween heterozygous simulans/mauritiana genotypes and homozygous mauritiana genotypes at the peak LR, scaled by the tion. In experiment C, we recorded data (copulation latency and duration) for only those flies that mated. 2003) . The marker type is m, microsatellite; s, SNP; id, insertion/deletion. The PCR protocol for all microsatellites is 1 cycle 95Њ, 5 min; 5 cycles 95Њ, 45 sec, 68Њ, 5 min, 72Њ, 1 min, decreasing the T A each cycle by 2Њ; 4 cycles 95Њ, 45 sec, 58Њ, 2 min, 72Њ, 1 min, decreasing the T A each cycle by 2Њ; 27 cycles 95Њ, 45 sec, 50Њ, 2 min, 72Њ, 1 min; and 1 cycle 72Њ 5 min. The PCR protocol for all other markers is 1 cycle 94Њ, 5 min; 30 cycles 94Њ, 1 min, T A Њ, 45 sec, 72Њ 1 min; 1 cycle 72Њ, 5 min; where T A is listed. Primers are listed from the 5Ј end. Microsatellite markers were run on a 6% polyacrylamide gel and imaged with a LICOR Gene Readir 4200 DNA analyzer. PCR fragments containing SNPs were digested with a restriction endonuclease and then run on a 3% agarose gel and manually genotyped. T A , annealing temperature; NA, not applicable. epistasis were calculated for the binary data with a log-linear on the third chromosome ( Figure 1A ; Table 3 ). An model using PROC CATMOD and for copulation duration additional QTL on the third chromosome was identified with an ANOVA using PROC GLM, using SAS 8.2 software. using the logistic model. The magnitudes of these effects Significance thresholds were determined via a Bonferroni corare roughly consistent with a previous study that rection.
mapped at least one factor affecting female sexual isolation to each major chromosome, with the effects of the RESULTS AND DISCUSSION autosomes much greater than that of the X chromosome (Coyne 1989). We detected no QTL for copulation We generated three groups of ‫0001ف‬ BC individuals latency or duration. This is expected for copulation between D. mauritiana and D. simulans and measured duration since attenuated copulation is seen only in components of mating behavior in tests of single BC matings between D. simulans females and D. mauritiana individuals with pure-species individuals. For each BC males. individual we recorded whether or not copulation ocCross B: QTL in D. mauritiana/D. simulans BC males curred and copulation latency (the time until copulathat D. mauritiana females discriminate against: We tion occurred) and copulation duration for those flies mapped QTL associated with traits of male D. simulans that did copulate. We genotyped all BC individuals for against which female D. mauritiana discriminate by pair-32 evenly spaced molecular markers fixed for alternate ing D. mauritiana females with BC males. A total of 459 alleles in the two pure species stocks and constructed a of the 1002 flies tested copulated (45.8%). At least three recombination map on the basis of the 3000 BC hybrids QTL with large effects, all on chromosome 3, contribute (Table 2 ). We performed genome scans for QTL affectto differences between males causing sexual isolation ing reproductive isolation in each of the BC popula-( Figure 1B ; Table 3 ). Two additional QTL with smaller tions, using CIM (Zeng 1994) . Since copulation occurbut significant effects were detected with the logistic rence is a binary trait (mated or not mated), we analyzed model, one each on the X and third chromosomes. the binary data using standard CIM and also using a These data are consistent with a previous study in which logistic regression model (Falconer and Mackay 1996;  at least one gene on each of the X and third chromoXu and Atchley 1996; Tao et al. 2003) .
somes affected sexual isolation of male BC hybrids Cross A: QTL in D. mauritiana/D. simulans BC females (Coyne 1996b) . Again, no QTL for copulation latency affecting discrimination against D. simulans males: QTL or duration were detected. The lack of genes reducing affecting the discrimination of D. mauritiana females copulation duration is expected, given the nature of against pure-species D. simulans males were mapped by the cross. However, the lack of genes for copulation pairing BC females with D. simulans males. A total of latency in either this cross or cross A shows that sexual 239 of the 1005 BC females tested mated (23.8%). At isolation occurs primarily through refusing rather than least seven QTL, all with large effects, affect female mate choice: two on the X, two on the second, and three delaying copulation. 
Cross C: QTL in D. mauritiana/D. simulans BC males
both the second and third chromosomes and a marginally significant contribution from the X chromosome that D. simulans females discriminate against: The genetic basis of shortened copulation between D. simulans (Coyne 1993) . The only diagnostic morphological difference befemales and D. mauritiana males was studied by pairing D. simulans females with BC males. The duration of tween these species is the posterior lobe of the male genital arch, which is long and thin in D. mauritiana copulation ranged from 0.58 to 49.35 min (SD ϭ 7.30 min). At least six autosomal QTL (one on the second and broad and helmet shaped in D. simulans (Coyne 1993) . It is possible that the D. simulans females sense and five on the third chromosome) with moderate effects are associated with the traits in D. mauritiana males the aberrant shape of the smaller D. mauritiana arch and use this as a cue to terminate copulation prematurely that cause this form of reproductive isolation ( Figure  1C ; Table 3 ). A single QTL for copulation latency (Coyne 1993) . Under this hypothesis, we expect QTL affecting copulation duration and those affecting the mapped to the tip of chromosome 3 ( Figure 1C ; Table  3 ). Again, these results are consistent with a previous size and shape of the genital arch in the same interspecific backcross to colocalize. A minimum of eight QTL study of shortened copulation in this interspecific cross, which showed at least one gene with large effects on affect the difference in morphology of the male genital . The third chromosome QTL affecting genital morphology at 64BC-65E and 97AB-100E do indeed two on the X chromosome, two on the second chromosome, and four on the third chromosome (Zeng et al. overlap two QTL that we detected for copulation dura- tion, at 62A-65E and 97D-100E, respectively (Table 3) , ence in behavior between the pure species, but we detected too few QTL in each experiment to apply a formal but the remaining six QTL affecting genital morphology and three QTL affecting behavior map to different gestatistical test for positive selection (Orr 1998 ). Some models of sexual isolation via sexual selection nomic locations. Thus, while differences in the size and shape between the genital arches of D. mauritiana and predict that genes involved in sexual isolation should accumulate preferentially on the X chromosome. Sex D. simulans males may provide some cue for D. simulans females to prematurely terminate copulation with D.
chromosomes tend to accumulate genes creating sexually antagonistic phenotypes: those traits that that are mauritiana males, this cannot be the major cue.
Overall QTL number, effect, and location: Our reselectively favored in one sex but disadvantageous in the other (Rice 1984), and also advantageous recessive sults indicate that relatively few QTL (from three to seven or five to eight, depending on the model used) alleles (Charlesworth et al. 1987) . In contrast to this prediction, we found that autosomal loci had the greatwith moderate to large effects contribute to behavioral isolation between these species. This statement must be est effects for all traits involved in prezygotic isolation of this species pair. A similar result was noted in previous tempered by the usual caveat that these are minimum numbers, as larger samples and a more dense marker studies of sexual isolation between these two species (Coyne 1989 (Coyne , 1993 (Coyne , 1996a , between D. simulans and map would have greater power to detect QTL with smaller effects and to separate any linked genes located D. sechellia (Coyne 1992) , and between D. pseudoobscura and D. persimilis (Noor 1997). These results imply that within significant QTL regions. However, our sample sizes of ‫0001ف‬ BC individuals in each experiment are sexual antagonism is not the driving force for the evolution of whatever traits yield sexual isolation. uncommonly large, and the statistical support for the mapped QTL is generally very high. It is therefore possiEpistatic interactions: We tested for epistatic interactions for each significant QTL within each mapping ble that a few genes with large effects account for the behavioral isolation between this species pair. The efpopulation. The only significant interaction observed was in cross A (BC females ϫ D. simulans males) between fects of all QTL were in the same direction as the differ- the markers at the tip of the third chromosome (Ald tween two strains of D. melanogaster (Moehring and Mackay 2004, accompanying article, this issue) . and haplotype DROROUGH/Efld2, P Ͻ 0.0007), but we attribute this to linkage rather than epistasis. This is in Hybrid viability loci: We also assessed whether the markers exhibited segregation distortion in the backsharp contrast to QTL affecting postzygotic isolation (Davis et al. 1994; Coyne 1996a; Hollocher et al. 1997;  cross hybrids, as would be expected if they were associated with differences in viability. The ratio of heterozy- Presgraves 2003; Tao et al. 2003) , among which substantial epistasis occurs.
gotes to homozygotes is shown for each marker in Figure  2 . We expected a decrease in the number of heterozyCandidate loci: The significant regions containing QTL affecting prezygotic reproductive isolation do not gous individuals at loci that are linked to D. simulans genes that decrease viability when present in a D. mauricontain candidate genes affecting mating behavior identified by mutagenesis in D. melanogaster (Sokolowski tiana genetic background. This was observed for marker AC002474 at cytological location 38D, implicating fac-2001; FlyBase Consortium 2003) . However, we note that a polymorphism in 5-hydroxytryptamine 2 (5-HT2) tors affecting viability near this locus. Remarkably, however, there were a consistently greater number of heterowas exceptionally strongly associated with the occurrence of mating when BC males were paired with D.
zygotes than homozygotes for all other genotypes. This implies heterosis for viability in interspecific hybrids, mauritiana females ( Figure 1B ), yet the flanking markers were not significant. It is thus possible that polymorwhich seems counterintuitive. The most parsimonious explanation is that inbreeding depression for viability phisms at 5-HT2 cause the difference in interspecific mating behavior attributable to this QTL. The 5-HT2 occurred independently in the D. simulans and D. mauritiana stocks during their long-term laboratory culture gene codes for a serotonin receptor that is expressed in the central nervous system and is part of the large and that the observed heterosis in the interspecific crosses is not related to speciation. family of receptors that interact with G proteins. The product of 5-HT2 acts on phospholipase C (Saudou Female discrimination vs. male traits being discriminated against: Comparison of the map locations of QTL and Hen 1994), encoded by no receptor potential A (norpA), which been shown to affect visual and circadian for the discrimination of BC females against D. simulans males and QTL affecting traits in male BC hybrids behaviors as well as neurophysiology (Inoue et al. 1985; Kaneko et al. 2000) . This gene is of particular interest against which female D. mauritiana discriminate allows us to address the question of whether female discriminasince several other genes involved in serotonin metabolism, such as Dopa decarboxylase (Tempel et al. 1984) and tion has the same genetic basis as the male traits that are discriminated against. The answer is clearly "no," as pale (Buchner 1991) , have been shown to affect mating behavior in D. melanogaster. In addition, we have shown only one QTL region, at the tip of the third chromosome (95D-100E), appears in both analyses (Figure 1 , that an eagle (eg) mutation in which the number of serotinergic neurons is dramatically reduced (Dittrich A and B; (Coyne 1989 (Coyne , 1993 (Coyne , 1996a 
